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Recently, the amnesic case D.A. was shown to circumvent his relational memory impairments, as ob-
served in the transverse patterning (TP) task, using a self-generated unitization strategy, and such per-
formance beneﬁts were maintained over extended delays (Ryan et al., 2013). “Unitization” encourages
fusing of distinct items, through an action, into a single unit from which the relations among the items
may then be derived. Here, we provide the ﬁrst documentation of the developmental amnesic case, N.C.,
who presents with relatively circumscribed lesions to the extended hippocampal system, and with im-
paired episodic memory. Despite impairments on standard versions of TP, N.C. beneﬁted from unitiza-
tion, showed evidence of transfer to novel stimuli, and maintained his performance over extended de-
lays. These ﬁndings suggest that self-generation is not a requirement for the successful implementation
of unitization, and further provides the ﬁrst evidence of rapid transfer and long-lasting success of a
learning strategy in a human amnesic case.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Amnesia is often characterized by a pervasive impairment in
the ability to bind together separate pieces of information to form
novel relations (Cohen and Eichenbaum, 1993; Eichenbaum and
Cohen, 2001; Moses and Ryan, 2006; Ryan et al., 2000). The
transverse patterning (TP) task is often used to examine the role of
the hippocampus in forming these novel relations. In TP, the re-
lations among three items are learned, where each item wins in
the context of one of the other items and loses in the context of
the other item, similar to the childhood game of “rock, paper,
scissors”. Humans (Moses et al., 2008; Rickard and Grafman, 1998;
Rickard et al., 2006) and non-human animals (Alvarado and Ba-
chevalier, 2005; Alvarado and Rudy, 1995; Driscoll et al., 2005, but
see Bussey et al., 1998; Saksida et al., 2006) show impaired TP
performance following hippocampal lesions.
Despite the relational memory impairments typically observed
in amnesic cases, we have recently demonstrated that a unitiza-
tion strategy can be used to compensate for such deﬁcits (Ryan25
Ltd. This is an open access article u
M.C. D’Angelo).et al., 2013). An amnesic person with bilateral damage to the
medial temporal lobe (MTL), D.A., reported using a self-generated
strategy in TP, in which he imagined pairs of items interacting with
one another in order to determine the winner. Using unitization,
D.A. was able to learn multiple sets of novel relations and retain
them over considerable delays (e.g., months). Despite D.A.'s im-
proved performance with unitization, two other acquired amnesic
cases with MTL damage, K.C. and R.F.R., did not show such im-
provements. We have speculated that differences in improvements
with unitization across patients are likely related to differences in
their patterns of damage. D.A. has bilateral damage MTL damage
affecting his hippocampus, perirhinal cortex, and para-
hippocampal cortex, with additional right-sided damage to his
entorhinal cortex as well as the anterior temporal lobe. In contrast,
K.C. and R.F.R. both have more diffuse patterns of damage that
includes the anterior temporal lobes bilaterally. Given the differing
patterns of damage across cases, it remains unclear whether other
amnesic cases can beneﬁt from D.A.'s self-generated strategy.
Speciﬁcally, unitization may only support behavior if it is self-
generated. However, given K.C.'s and R.F.R.'s extensive cortical
damage, it is difﬁcult to ascertain whether performance beneﬁts
were not observed because they did not self-generate thender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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of damage. Speciﬁcally, K.C. and R.F.R. may not have beneﬁted
from unitization because their damage extends to areas which
may be necessary for the underlying processing mechanisms that
support unitization, such as the left anterior temporal lobe (see
Ryan et al., 2013 for a more in depth discussion).
To investigate the potential utility of a unitization strategy
beyond D.A., we report here the ﬁrst documentation of the de-
velopmental amnesic case, N.C., whose damage is limited to the
extended hippocampal system (Aggleton and Brown, 1999), in-
cluding the mediodorsal nuclei of the thalamus bilaterally and
volume reductions in the right fornix and both mammillary bod-
ies. N.C. has a considerably different pathology from D.A., K.C., and
R.F.R, yet he presents with a classic neuropsychological proﬁle of
episodic amnesia. We investigated whether N.C. would show
performance beneﬁts from unitization, despite the absence of self-
generation of the strategy, and whether he would be able toFig. 1. (A) T1 weighted MRI scans of N.C., with arrow pointing to his right thalamic lesio
that N.C.'s lesion shows slightly hypointense on the T1-weighted image and hyperintentransfer the unitization strategy to novel problem sets. N.C.'s de-
monstration of successful and lasting performance provides
compelling evidence of rapid and lasting transfer in an amnesic
case, and underscores the importance of replication, particularly
when relying on the case study method to inform our under-
standing of learning strategies and of the brain–behavior re-
lationship (Rosenbaum et al., 2014).2. Methods
2.1. Amnesic case
N.C. is a young right-handed male with 14 years of education,
having completed high school and 1 year of technical college. He
was aged 19 at the time of the ﬁrst two sessions and aged 20 for
the remainder of the sessions. At approximately 10 days of age, N.n. (B) T1 weighted and T2 weighted MRI scans (left and right, respectively) showing
se on the coronal T2-weighted image.
Table 1
Neuropsychological proﬁle of N.C.
Test Normed Score
General intelligence
WAIS-IV: full scale IQ (standard score)a 94
Verbal comprehension index 101
Perceptual reasoning index 106
Working memory index 76f
Processing speed index 91
Semantic knowledge
WAIS-IV vocabulary (scaled score)a 10
Language production
Boston naming test (percentile)b 39th
Semantic ﬂuency (animals) (z-score)c 1.47
Anterograde memory
WMS-IV logical memory
Logical memory I: immediate recall (scaled score) 7
Logical memory II: delayed recall (scaled score) 2f
Logical memory II: recognition (percentile) 3–9thf
California verbal learning test-II
Total trials 15 (t score) 29f
Short delay free recall (z-score) 2.5f
Short delay cued recall (z-score) 1.5f
Long delay free recall (z-score) 2.5f
Long delay cued recall (z-score) 3f
Learning (z-score) 1.5f
Total intrusions (z-score)e 5f
Total repetitions (z-score)e 1.5f
Recognition (hits) (z-score) 0.5
Recognition (false positives) (z-score) 3f
Discrimination 1.5f
Rey–Osterrieth complex ﬁgure (t score)
Immediate recall o20f
Delayed recall o20f
Processing speed
WASI-IV codinga 7
WASI-IV symbol searcha 10
Visuospatial function
WAIS-IV block designa 13
Rey–Osterrieth complex design-copy (percentile) 11 –16th
Judgment of line orientation (percentile) 72nd
Benton facial recognition test Borderline
Working memory
WAIS-IV letter-number sequencinga 6
WAIS-IV digit spana 5f
Attention and executive function
Trail making test (z-score)d
Part A (sec) 0.74
Part B (sec) 0.95
Phonemic ﬂuency (FAS) (z-score)c 0.31
WAIS-IV similarities (scaled score)a 10
WAIS-IV matrix reasoning (scaled score)a 11
WAIS-IV, Wechsler Adult Intelligence Scale–IV; WMS-IV, Wechsler Memory Scale–
IV;
a Canadian Norms,
b in house norms,
c Tombaugh et al. (1999),
d Tombaugh (2004),
e lower scores indicate better performance, and
f borderline/impaired performance.
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mediodorsal nucleus of the thalamus bilaterally. Follow-up MRI
scans conducted in 2012, analyzed by a radiologist, conﬁrmed an
old infarct in the right medial superior thalamus and con-
tralaterally in the left thalamus (see Fig. 1b). The infarct on the
right side is predominantly in the mediodorsal nucleus but par-
tially extends into the anterior nucleus. The lesion on the left ap-
pears to be limited to the mediodorsal nucleus. N.C.'s right fornix
is noticeably atrophic, and his mammillary bodies are reduced in
size, especially on the right. His left lateral ventricle is larger than
the right, and there are white matter changes along the left lateral
ventricle and also in the left temporal lobe, with the inferior
longitudinal fasciculus most involved.
2.2. Neuropsychological tests and results
An updated neuropsychological evaluation was performed
when NC was 20 years old. Testing results conﬁrmed that in the
context of average intelligence, he was severely impaired on tests
of delayed recall for both verbal and nonverbal material. He also
performed below expected levels on tests of working memory and
more complex aspects of visuospatial processing (e.g., recognizing
faces, integrating details into a complex ﬁgure). In contrast, his
performance was largely intact on measures of semantic knowl-
edge, language, processing speed, and executive function (see
Table 1).
2.3. Apparatus and stimuli
The apparatus and stimuli were similar to those used in our
prior work (Ryan et al., 2013). The experiment was programmed
using E-prime 1.1, and the stimuli were presented on a 19-in.
monitor. N.C. responded using the keys “P” and “Q” on a standard
keyboard. Each of the 11 experimental conditions consisted of
three unique stimuli (see Fig. 2). In the initial sessions, N.C. was
trained on ﬁve conditions: Rock–Paper–Scissors (RPS), Geometric
Shapes, Abstract Shapes, Geometric Shapes-Unitized, and Abstract
Shapes-Unitized, which we will refer to as the original conditions.
These conditions were the same conditions that D.A., K.C., and R.F.
R. had been trained on in prior work (Ryan et al., 2013), and dif-
fered in the extent to which the objects and the relations were
known before the experimental session. The conditions also dif-
fered in the training procedures (standard versus unitized, out-
lined below). The RPS condition contained known objects for
which the relations were also known before the experimental
session. The RPS stimuli depict the hand game in which rock
crushes scissors, scissors cut paper, and paper covers rock. The
Geometric Shapes and Geometric Shapes-Unitized conditions
contained known objects, but whose relations were unknown
prior to training. The Abstract Shapes and Abstract Shapes-Uni-
tized conditions contained unknown objects whose relations were
also unknown prior to training. In later sessions, N.C. was trained
and tested on ﬁve novel sets of stimuli, which are referred to as
the transfer conditions and one novel set of stimuli in an ele-
mental learning condition. Three transfer conditions consisted of
unknown objects whose relations were unknown prior to training
(Abstract Objects-Transfer #1, Abstract Objects-Transfer #2, and
Abstract Objects-Transfer #3), and the remaining two transfer
conditions consisted of known objects whose relations were un-
known prior to training (Geometric Shapes-Transfer #1 and Geo-
metric Shapes-Transfer #2). The elemental learning condition
(Geometric Shapes-Elemental) also consisted of known objects.
2.4. Procedure
An overview of the experimental sessions and rationale for
Rock-Paper-Scissors
(RPS):
Geometric Shapes: Abstract Objects:
Geometric Shapes-Elemental:
Original Conditions (from Ryan et al., 2013) - Training in Sessions 1-6
Geometric Shapes-Unitized: Abstract Objects-Unitized:
Transfer Conditions - Training in Sessions 6 & 7
Geometric Shapes-Transfer #2:
Abstract Objects-Transfer #1: Abstract Objects-Transfer #3:
Geometric Shapes-Transfer #1:
Abstract Objects-Transfer #2:
Fig. 2. Stimuli used in the original and transfer transverse patterning conditions and elemental condition.
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N.C. was trained and tested using both standard and unitized
training procedures (Ryan et al., 2013) on the relations among
three items within each condition. The relations among the items
in each condition were AþB , BþC , and CþA for all condi-
tions except for the Geometric Shapes-Elemental condition, which
had a hierarchy of relations (A4B4C).
Below we ﬁrst describe the standard training procedures, fol-
lowed by the unitization training procedures. Standard training
was applied in all conditions not otherwise marked with “Uni-
tized” in the moniker (e.g., Geometric Shapes-Unitized). For all
conditions, N.C. was not informed of any of the relations among
the stimuli prior to the session. Note that although N.C. was not
informed of the relations prior to training in all sessions, he de-
monstrated awareness that the relations he was tested on were
RPS-like in all sessions after Session 3. N.C. was required to learn
by trial and error. On each trial N.C. was shown two objects and he
was asked to pick one that “wins”. The computer provided feed-
back as to whether he was doing the task correctly. If he picked the
correct object, he would see a happy-face cartoon and the caption
“Good Job!” and if he picked the incorrect object he would see an
angry-face cartoon and the caption “Wrong!” (Fig. 3).
2.4.1 Standard training
For all conditions, training involved ﬁve stages. Stage 1 con-
sisted of 10 trials of one pair (AB10), followed by 10 trials of thenext pair (BC10), and 10 trials of the ﬁnal pair (CA10). Stage
2 consisted of ﬁve presentations of each of the pairs (e.g., [AB, BC,
CA]5) in consecutive order. Stage 3 was divided into three
blocks, where each block consisted of three presentation of each
pair in consecutive order (e.g., [AB, BC, CA]3 for each block). In
stage 4, each pair was presented once in consecutive order for nine
trials (e.g., [AB, BC, CA]9). Lastly, stage 5 consisted of two blocks
in which each pair was presented 18 times in a pseudorandom
order for a total of 108 trials. If accuracy was below 50% on a given
block, the block would repeat. The minimum number of trials
completed in each training phase was 207.
2.4.2 Unitization training
Unitized training was identical to standard training with the
following exceptions. Prior to commencing the training phase for
each unitization condition, N.C. was shown three animations that
highlighted the relations among the three stimuli for the current
condition. Each animation depicted two of the three items inter-
acting with one another such that a winner was made clear. The
interactions were as follows: in one animation item A squished
item B, in the second animation B stabbed C, and in the third
animation C covered A. For each animation, the experimenter
would describe the animation verbally and would ask N.C. to point
to the object he felt would be the winner (e.g., “this object is
squishing this other object, if you had to pick, which one do you
think would be the winner?”). Following the presentation of the
Ta
b
le
2
O
ve
rv
ie
w
of
ex
p
er
im
en
ta
l
se
ss
io
n
s.
Pr
e-
te
st
Tr
ai
n
in
g
Te
st
R
at
io
n
al
e
Se
ss
io
n
s
1

2
W
ee
ks
1
M
on
th
þ
St
an
d
ar
d
U
n
it
iz
ed
Tr
an
sf
er
Im
m
ed
ia
te
1-
h
D
el
ay
1
✓
✓
✓
St
an
d
ar
d
an
d
u
n
it
iz
ed
TP
tr
ai
n
in
g
an
d
im
m
ed
ia
te
te
st
as
in
R
ya
n
et
al
.(
20
13
).
2
✓
✓
✓
✓
✓
Pr
e-
te
st
ad
d
ed
fo
llo
w
in
g
1-
w
ee
k
d
el
ay
to
ex
am
in
e
re
te
n
ti
on
of
re
la
ti
on
s;
in
cl
u
si
on
of
1-
h
d
el
ay
te
st
to
d
et
er
m
in
e
w
h
et
h
er
su
c-
ce
ss
fu
l
p
er
fo
rm
an
ce
is
d
u
e
to
on
lin
e
m
ai
n
te
n
an
ce
of
re
la
ti
on
s,
as
in
R
ya
n
et
al
.(
20
13
).
3–
5
✓
a
✓
b
✓
✓
✓
✓
Pr
e-
te
st
to
ex
am
in
e
re
te
n
ti
on
of
re
la
ti
on
s;
a-
1–
2
w
ee
k
d
el
ay
fo
r
se
ss
io
n
s
4
an
d
5;
b-
9
m
on
th
d
el
ay
fo
r
se
ss
io
n
3,
as
N
C
w
as
u
n
av
ai
la
bl
e
fo
r
te
st
in
g
d
u
ri
n
g
th
e
sc
h
oo
l
ye
ar
.
6
✓
✓
✓
✓
✓
✓
In
cl
u
si
on
of
tr
an
sf
er
st
im
u
li
to
d
et
er
m
in
e
if
N
C
's
in
ta
ct
p
er
fo
rm
an
ce
on
st
an
d
ar
d
co
n
d
it
io
n
s
w
as
d
u
e
to
a
ge
n
er
al
iz
at
io
n
of
th
e
u
n
it
iz
at
io
n
st
ra
te
gy
to
n
ov
el
st
im
u
li.
7
✓
✓
✓
✓
✓
A
dd
it
io
n
al
n
ov
el
st
im
u
li
an
d
el
em
en
ta
lt
as
ks
ad
d
ed
to
p
ro
ce
d
u
re
to
ex
am
in
e
ge
n
er
al
iz
at
io
n
of
le
ar
n
in
g;
u
n
it
iz
ed
tr
ai
n
in
g
re
m
ov
ed
to
ex
am
in
e
ro
bu
st
n
es
s
of
le
ar
n
in
g
ef
fe
ct
.
8–
9
✓
1-
w
ee
k
d
el
ay
be
tw
ee
n
p
ri
or
te
st
in
g
se
ss
io
n
s
an
d
cu
rr
en
t
p
re
-t
es
t;
al
l
tr
ai
n
in
g
re
m
ov
ed
to
ex
am
in
e
ro
bu
st
n
es
s
of
p
ri
or
le
ar
n
in
g.
10
✓
Ex
te
n
d
ed
(1
-m
on
th
)
d
el
ay
be
tw
ee
n
p
ri
or
te
st
in
g
se
ss
io
n
s
an
d
cu
rr
en
t
p
re
-t
es
t;
al
l
tr
ai
n
in
g
re
m
ov
ed
to
ex
am
in
e
ro
bu
st
n
es
s
of
p
ri
or
le
ar
n
in
g.
M.C. D’Angelo et al. / Neuropsychologia 77 (2015) 185–200 189three animations, N.C. completed the training blocks. The training
blocks were identical to those used in the standard training, with
the exception that a ﬁnal still from each of the animations was
presented centrally between the two items to remind N.C. of the
animations and to encourage the formation of a fused or unitized
representation. One unitized image (U) was presented on each
trial and corresponded to the animation depicting the two items
presented on the current trial (see Fig. 3).
2.4.3 Test phases
Unless otherwise noted, following each training phase, N.C. was
tested immediately following training, and again following a 1-h
delay. In the test phases, each pair of items was presented ran-
domly four times for a total of 12 trials per test per condition. Test
trials were identical to training trials with the exception that no
feedback was given. The central unitized images were not pre-
sented in tests for the unitization conditions. Therefore, the same
format was used for all tests in all conditions.
From the second session onward, N.C.'s retention of the rela-
tions from prior sessions was assessed with pre-tests, which were
identical to the test blocks described above. Pre-tests were always
administered at the beginning of the session. The RPS condition
was never included in the pre-tests so as to not provide N.C. with
hints regarding the overall problem structure. As in the immediate
and delay tests, the pre-tests for the standard and unitization
conditions had the same format.
In later sessions N.C.'s performance improved, such that he
demonstrated intact performance on the unitization and, even-
tually, standard conditions on the pre-tests. In order to assess his
ability to generalize the unitization strategy and/or learn novel
relations following successful learning and retention with a uni-
tization strategy, N.C. was trained on novel stimuli, referred to as
the transfer conditions. Training in the transfer conditions was
identical to training in the standard conditions. Lastly, we ex-
amined whether N.C.'s performance on the TP conditions would be
disrupted following exposure to stimuli that were structured with
a non-relational hierarchy of response contingencies as in the
Geometric Shapes-Elemental condition. Training in the elemental
condition was identical to the standard training, with the excep-
tion that the relationship underlying the stimuli formed a re-
sponse hierarchy (A4B4C) rather than TP relations (AþB ,
BþC , CþA). More details regarding the rationale for including
these conditions are provided below in the context of N.C.'s
performance.
In all phases, the side of presentation (left/right) for each object
within each pair was counterbalanced, such that the correct item
was equally presented on the left/right.
2.4.4 Description of sessions
An overview of the experimental sessions including the con-
ditions tested, delays between sessions, and N.C.'s performance is
shown in Table 3.
Sessions 1–6: Sessions 1–6 used our previously established
procedure (Ryan et al., 2013) to contrast N.C.'s TP performance
under standard and unitized conditions over training as well as on
immediate and 1-h delay tests. N.C. was trained and tested on the
following conditions in this order: RPS, Geometric Shapes, Abstract
Objects, Geometric Shapes-Unitized, and Abstract Objects-Uni-
tized conditions. N.C. was always trained and tested on the stan-
dard conditions before the unitization conditions, so as to not bias
performance on the standard conditions with a generalized uni-
tization strategy. Due to time constraints, N.C. was not tested fol-
lowing the hour delay in Session 1. Due to a computer error, N.C.
was not shown the unitization animations in Session 2. Instead,
the experimenter described the animations during Phase 1 of
training, using the unitized-images for reference.
Fig. 3. Experimental procedures. (1) Example stills from the ﬂash animations that were shown before training for the unitized condition. Flash animations depicted one
object physically interacting with the other object with the relations of squish, pierce, or cover. (2) Training procedures: (a) Standard training (RPS, Shapes, and Elemental)
presented two stimuli, one on each side of the screen, and participants were required to select the correct item that “wins”. Responses were self-paced and feedback was
provided. (b) Unitized training was identical to standard training except that a still image from the animations was included in the center of the stimulus display (“U”) to
serve as a “hint” for which stimulus was correct. (3) Test procedures. All tests blocks, regardless of whether training was standard or unitized, and regardless if the test was a
pre-test, an immediate test, or occurred after an hour delay, followed the same procedure and the same stimulus arrangement. Note that the stimuli are shown by their
corresponding letter (A–C, U) for ease of illustration; however, such letters were not presented to the participants. Figure adapted from Ryan et al. (2013).
M.C. D’Angelo et al. / Neuropsychologia 77 (2015) 185–200190In Sessions 2–6, N.C. was given pre-tests for the Geometric
Shapes, Abstract Objects, Geometric Shapes-Unitized, and Abstract
Objects-Unitized conditions before undergoing training.
Session 6 was identical to the prior sessions with the exception
that in addition to the ﬁve original conditions, N.C. was also
trained and tested on the Abstract Objects-Transfer #1. This ﬁrst
transfer condition was included to assess N.C.'s ability to transfer
the unitization strategy to learn the relations among a novel set of
stimuli. Training occurred in the following order: RPS, Geometric
Shapes, Abstract Objects, Abstract Objects- Transfer #1, Geometric
Shapes-Unitized, and Abstract Objects-Unitized.
Session 7: To preview the results from Session 6, N.C. demon-
strated intact performance in the Abstract Objects-Transfer#1
condition, even following the 1-h delay. Given his intact perfor-
mance, we further examined his ability to transfer learning to
novel stimuli in Session 7. Speciﬁcally, we examined whether N.C.
would learn novel relations in a session where he was not given
training with a unitization strategy. N.C. was ﬁrst given pre-tests
on the previously trained standard and unitized TP conditions, as
well as the transfer condition that he was trained on in Session 6
(Geometric Shapes, Abstract Objects, Geometric Shapes-Unitized,
Abstract Objects-Unitized, and Abstract Objects-Transfer #1). Fol-
lowing the pre-tests, N.C. was trained and tested only on the re-
maining transfer conditions (Abstract-Objects-Transfer #2, Ab-
stract-Objects-Transfer #3, Geometric-Shapes-Transfer #1, Geo-
metric-Shapes-Transfer #2, and Geometric Shapes-Elemental
condition).
Sessions 8–10: In Sessions 8–10, N.C. was given pre-tests on the
10 conditions from the prior sessions – the four original conditions
excluding RPS and the six transfer conditions. In these ﬁnal ses-
sions, N.C. was not given pre-tests for the RPS condition, nor did he
complete any training blocks. The order of condition pre-tests wasvaried in Sessions 8–10 and is listed in Table 3.
2.5. Descriptive statistics
In all training phases, N.C.'s mean accuracy and the number of
trials required to complete training were measured. N.C.'s accuracy
was measured on each of the test phases (pre-test, immediate test,
and 1-h delay test).
To demonstrate that N.C. shows the typical pattern of impair-
ments relative to controls (who do not show impairments), N.C.'s
performance from the ﬁrst testing session was contrasted against
controls for the RPS, Geometric Shapes, and Abstract Objects
conditions (see Fig. 4). The control participants are three groups of
healthy young adults whose performance was initially reported in
Ostreicher et al. (2010). These healthy controls differed in the ex-
perimental conditions they received. Participants in the Semantic
group (N¼16, MAge¼22.4 years, SDAge¼3.3 years, MEducation¼16.1
years, SDEducation¼1.9 years) completed two semantic conditions
(RPS and a condition with the playing cards King, Ace, and Two,
where the Ace could be high or low) followed by the Geometric
Shapes and Abstract Objects conditions – this condition is most
similar to the training N.C. received in his ﬁrst testing session.
Participants in the Alone group (N¼16, MAge¼23.5 years,
SDAge¼3.1, MEducation¼16.7 years, SDEducation¼2.6 years) only
completed the Geometric Shapes and Abstract Objects conditions.
Lastly, participants in the Practice group (N¼16, MAge¼19.5 years,
SDAge¼1.2, MEducation¼13.5 years, SDEducation¼1.4 years) com-
pleted two training and test blocks for each of the Geometric
Shapes and Abstract Objects conditions, however only their per-
formance in the ﬁrst block of each condition is considered here. As
is evident from Fig. 4, although N.C. performs similarly to controls
on RPS, as he falls within the 95% conﬁdence interval of the control
Table 3
Summary of experimental sessions, including the conditions tested and N.C.'s resultant performance.
Session Figure Description RPS Geometric
Shapes -
Standard
Abstract
Objects -
Standard
Geometric
Shapes -
Unitized
Abstract
Objects -
Unitized
Abstract
Objects -
Transfer
#1
Geometric
Shapes -
Transfer
#1
Abstract
Objects -
Transfer
#2
Geometric
Shapes -
Transfer
#2
Abstract
Objects -
Transfer
#3
Geometric
Shapes -
Elemental
1 3 Immediate test ✓ ✗ ✗ ✓ ✗ – – – – – –
1-h delay test – – – – – – – – – – –
2 3 Pre-test (8-day delay) – ✗ ✗ ✓ ✗ – – – – – –
Immediate test ✓ ✓ ✓ ✓ ✗ – – – – – –
1-h delay test ✓ ✗ ✗ ✓ ✓ – – – – – –
N.C.shows intact TP performance on immediate tests after using a working memory strategy-but only shows intact performance on unitized conditions following an
hour delay
3 3 Pre-test (9-month
delay)
– ✗ ✗ ✗ ✗ – – – – – –
Immediate test ✓ ✗ ✗1 ✓ ✓ – – – – – –
1-h delay test ✓ ✗ ✗ ✓ ✓ – – – – – –
4 3 Pre-test (6-day delay) – ✗ ✗ ✓ ✗ – – – – – –
Immediate test ✓ ✓ ✓ ✓ ✓ – – – – – –
1-h delay test ✓ ✓ ✗ ✓ ✓ – – – – – –
N.C. shows intact performance on all conditions following a 1-h delay and intact performance on unitized conditions following a 6-day delay.
5 3 Pre-test (7-day delay) – ✗ ✗ ✓ ✓ – – – – – –
Immediate test ✓ ✓ ✓ ✓ ✓ – – – – – –
1-h delay test ✓ ✗ ✓ ✓ ✓ – – – – – –
N.C. continues to shows intact performance on most conditions following a 1-h delay-introduced ﬁrst set of transfer items in subsequent session.
6 3 Pre-test (13-day delay) – ✗ ✓ ✓ ✓ – – – – – –
Immediate testn ✓ ✗ ✓ ✓ ✓ ✓ – – – – –
1-h delay testn ✓ ✓ ✓ ✓ ✓ ✓ – – – – –
N.C. shows intact performance on all conditions following a 1-h delay, including the standard conditions.
7 3 Pre-test (9-day delay) – ✗ ✗ ✓ ✓ ✗1 – – – – –
Immediate testn – – – – – – ✓ ✓ ✓ ✓ ✓
1-h delay testn – – – – – – ✓ ✓ ✗2 ✓ ✓
8 3 and 4 Pre-test (7-day delay) – ✓ ✗ ✓ ✓ ✗ ✓ ✓ ✓ ✓ ✗3
Test order 1 2 4 5 3 6 7 9 10 8
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M.C. D’Angelo et al. / Neuropsychologia 77 (2015) 185–200192group's performance, he is impaired relative to the controls on the
Shapes and Abstract conditions. Furthermore, healthy young
adults show intact performance on standard versions of TP even in
the absence of training with semantically rich stimuli, such as RPS,
as is evident from performance in the Alone and Practice groups.
Overall, N.C. shows impairments learning novel arbitrary rela-
tions in TP relative to healthy controls, who do not show impair-
ments (Hopf et al., 2013; Ostreicher et al., 2010). Beyond this initial
comparison, which we include here to show N.C.'s initial impair-
ments, we will not compare N.C.'s performance on the remaining
sessions and conditions to healthy controls. Critically, our interest
lies in how N.C.'s performance differs across standard, unitized
and elemental versions of the task, across the various sessions. N.
C.'s accuracy was also interpreted relative to the elemental
threshold (0.67), separately for each condition, test, and session.
The elemental threshold reﬂects the maximum score achievable if
a winner-takes-all rule is incorrectly applied to a TP task, whereby
an individual would have only correctly learned 2/3 of the rela-
tions. Therefore, N.C.'s performance was only classiﬁed as intact
when it exceeded the elemental threshold and the 95% CI of his
performance did not include 0.67. 95% conﬁdence intervals (CI)
were computed around N.C.'s mean accuracy in each condition for
each session, for the training and test phases, to assess the relia-
bility of N.C.'s performance relative to himself. The conﬁdence
intervals were calculated using the percentile method in R (v. 3.12)
with the package boot (Canty and Ripley, 2014; Davison and
Hinkley, 1997).3. Results
N.C.'s accuracy and number of training trials as a function of
condition and session are presented in Table 4, with 95% con-
ﬁdence intervals of his mean accuracy in each condition. Note that
N.C.'s performance in the training phase was only impaired (i.e.,
the 95% conﬁdence interval of his mean included the elemental
threshold) in the Geometric Shapes and Abstract Objects condi-
tions in Session 1. In Sessions 2–7, N.C. demonstrated intact per-
formance during training for all conditions. As is noted below, N.
C.'s intact performance during training is therefore at odds with
his impaired performance in the test phases for the Geometric
Shapes and Abstract Objects conditions.
N.C.'s accuracy on immediate tests, 1-h delay tests, and pre-
tests for the original stimuli (RPS, Geometric Shapes, Abstract
Objects, Geometric Shapes-Unitized, Abstract Objects-Unitized)
are presented in Fig. 5, panels A–C, respectively. N.C.'s accuracy for
the immediate and 1-h delay tests for the transfer stimuli are
presented in Table 5 and his accuracy on pre-tests for all transfer
stimuli are presented in Fig. 6. In all ﬁgures, the error bars re-
present bootstrapped 95% conﬁdence intervals of N.C.'s accuracy.
The dashed line in Figs. 4 and 5 represents the elemental threshold
(0.67). As noted above, N.C.'s performance on any given TP con-
dition was considered intact if his accuracy was above 0.67 and the
95% CI of his mean did not include 0.67.
Below we report N.C.'s performance across sessions for each
condition as a function of the condition type (Standard/Unitized/
Transfer). First we demonstrate that N.C. is similar to other am-
nesic cases, in that initially N.C. had intact performance with se-
mantically rich stimuli (RPS), but impaired TP performance with
standard training (Geometric Shapes, and Abstract Objects). Fol-
lowing this, we describe how, like D.A. (Ryan et al., 2013), N.C.'s
test performance was supported by unitization training (Geo-
metric Shapes-Unitized and Abstract Objects-Unitized). Lastly, we
provide novel evidence of generalization of the unitization strat-
egy, by showing that N.C.'s performance was intact on transfer
conditions.
Fig. 4. Mean accuracy at study (top) and test (bottom) for N.C. (ﬁrst session) and three groups of younger adults from Ostreicher et al. (2010) for the RPS, Geometric Shapes,
and Abstract Objects conditions. Error bars represent the 95% conﬁdence interval of the control’s means. The dotted line here and in all graphs represents the elemental
threshold (0.67 – see text for details).
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N.C.'s performance on the RPS and Standard TP conditions in
the initial sessions replicates our previous work with other am-
nesic cases (Moses et al., 2008; Ryan et al., 2013). N.C. demon-
strated consistently high performance in the RPS condition both in
the training phases (see Table 4) as well as in the test phases (see
Fig. 3). In contrast to the intact performance observed in the se-
mantically rich RPS condition, N.C. showed impaired performance
in the standard TP conditions, as is typically observed in amnesic
cases. Below are more detailed descriptions of his performance in
these standard TP conditions, followed by a summary of these
results.
3.1.1. Geometric shapes
N.C.'s performance in the Geometric Shapes condition was in-
itially impaired, although it did gradually improved across ses-
sions. N.C. was unable to learn novel relations in the initial ses-
sions, replicating previous work (Rickard and Grafman, 1998). In
Session 1, N.C. had trouble learning the relations during the
training phase (accuracy¼0.57) and his performance was below
the elemental threshold on the immediate test (see Table 4 and
Fig. 5). In Session 2, N.C.'s performance improved during training
(accuracy¼0.81) and on the immediate test (accuracy¼1.0), but
he was unable to retain the relations over the 1-h delay (ac-
curacy¼0.67). In this session, N.C. spontaneously reported using aworking memory strategy for the ﬁrst time, in which he con-
tinuously repeated aloud, “star beats trapezoid, trapezoid beats
archway, archway beats star”. Performance on the immediate and
1-h delay tests indicate that while this working memory strategy
supported performance in the short term, it was ineffective for
maintaining the relations over a longer delay.
In later sessions, N.C.'s performance during training and on the
immediate tests gradually improved, but despite awareness that
the shapes had “rock-paper-scissors-style rules”, his 1-h delay test
performance was intact only in Sessions 3 and 6. His pre-test
performance was also impaired and variable – with intact per-
formance only in Sessions 8 and 10. Note that N.C.'s variability,
including extremely low pre-test scores in Session 4 (ac-
curacy¼0.08) and Session 9 (accuracy¼0.17), potentially in-
dicative of reversed relations, suggest that while he had a trend of
improvements across sessions, he did not retain the exact rela-
tions, despite having had extensive training with feedback for
these relations in Sessions 1–6.
3.1.2 Abstract Objects
N.C.'s performance on the Abstract Objects condition was quite
similar to the Geometric Shapes condition, with initial impair-
ments and slow, gradual improvements across the sessions. In
Session 1, N.C. was impaired in the training phase (accuracy¼0.56)
and on the immediate test (see Table 4 and Fig. 5). N.C.'s working
Table 4
Summary of N.C.'s training performance as a function of condition and session. Bootstrapped 95% conﬁdence intervals for N.C.'s mean accuracy in parentheses.
Session Description RPS Geometric
Shapes
Abstract
Objects
Geometric
Shapes-Unitized
Abstract
Objects-Unitized
Abstract
Objects-Transfer
#1
Geometric
Shapes-Transfer
#1
Abstract
Objects-Transfer
#2
Geometric
Shapes-Transfer
#2
Abstract
Objects-Transfer
#3
Geometric
Shapes-Elemental
1 Accuracy 0.99
(0.97–
1.00)
0.57 (0.51–
0.64)
0.56 (0.50–
0.63)
0.99 (0.98–1.00) 1.00a (0.99–1.00) – – – – – –
Number of
trials
207 246 216 207 207 – – – – – –
2 Accuracy 1.00b 0.81 (0.75–
0.86)
0.75 (0.69–
0.81)
1.00b 1.00b – – – – – –
Number of
trials
207 207 216 207 207 – – – – – –
3 Accuracy 0.99
(0.98–
1.00)
0.77 (0.71–
0.83)
0.75 (0.69–
0.80)
1.00b 0.99 (0.98–1.00) – – – – – –
Number of
trials
207 216 225 207 207 – – – – – –
4 Accuracy 1.00a
(0.99–
1.00)
0.84 (0.79–
0.89)
0.87 (0.82–
0.91)
1.00b 1.00b – – – – – –
Number of
trials
207 222 234 207 207 – – – – – –
5 Accuracy 1.00a
(0.99–
1.00)
0.96 (0.93–
0.98)
0.97 (0.94–
0.99)
1.00b 1.00b – – – – – –
Number of
trials
207 207 207 207 207 – – – – – –
6 Accuracy 0.99
(0.97–
1.00)
0.90 (0.86–
0.94)
0.99 (0.97–
1.00)
1.00a (0.99–1.00) 1.00a (0.99–1.00) 0.89 (0.85–0.93) – – – – –
Number of
trials
207 207 207 207 207 216 – – – – –
7 Accuracy 0.97 (0.94–0.99) 0.98 (0.96–1.00) 0.97 (0.94–0.99) 0.99 (0.98–1.00) 0.89 (0.85–0.93)
Number of
trials
207 207 207 207 207
a¼mean accuracy rounded up to 1.00.
b¼no errors therefore unable to calculate 95% CI.
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Fig. 5. Mean accuracy in the immediate test (A), 1-h delay test (B), and pre-test (C) phases of the TP tasks in the original conditions. Error bars represent the bootstrapped
95% conﬁdence interval of N.C.'s mean.
M.C. D’Angelo et al. / Neuropsychologia 77 (2015) 185–200 195memory strategy in Session 2, (“blob beats star, star beats robot,
robot beats blob”), resulted in intact performance in training (ac-
curacy¼0.75) and the immediate test (accuracy¼1.0), but not
following a 1-h delay (accuracy¼0.25).
N.C.'s performance improved in later sessions – with perfor-
mance at ceiling on the immediate tests in Sessions 4–6, and on
the 1-h delay tests in Sessions 5 and 6. Once again, although N.C.
was aware that the items followed what he called “rock–paper–Table 5
Summary of performance on test phase as a function of transfer condition and session.
Session Description Abstract Objects-
Transfer #1
Geometric Shapes-
Transfer #1
Abstract O
Transfe
6 Immediate test 1.00a – –
1-h delay test 1.00a – –
7 Immediate test – 1.00a 1.00
1-h delay test – 1.00a 1.00
a¼no errors therefore unable to calculate 95% CI.scissors-style rules”, he did not always recall the exact rules for the
Abstract Objects. In Session 3, he verbally reported the opposite
set of relations and his accuracy was at ﬂoor performance (ac-
curacy¼0.00). The pre-tests showed a similar pattern of incon-
sistent behavior, with impaired performance in early sessions (2–
5) and a trend of improved performance in later sessions, but with
intact performance observed only in Sessions 6 and 10.
Overall, N.C.'s performance on RPS and the Standard TPBootstrapped 95% conﬁdence intervals of N.C.'s mean accuracy in parentheses.
bjects-
r #2
Geometric
Shapes-Transfer #2
Abstract Objects-
Transfer #3
Geometric Shapes-
Elemental
– – –
– – –
a 1.00a 1.00a 1.00a
a 0.08 (0.00–0.25) 1.00a 0.92 (0.75–1.00)
Fig. 6. Mean accuracy in the pre-test phases of the TP tasks in the transfer conditions. Error bars represent the bootstrapped 95% conﬁdence interval of N.C.'s mean. Note that
Session 7 only contained pre-tests for the original items and for Abstract Objects Transfer #1, for which N.C.'s accuracy was 0. Training for the remaining conditions occurred
in Session 7, thus pre-tests for these conditions were administered starting in Session 8. X's indicate that no pre-test was administered in Session 7.
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et al., 2013), in that he showed intact performance in RPS and
initially impaired performance in the Geometric Shapes and Ab-
stract Objects conditions. Despite N.C.'s low scores on neu-
ropsychological tests of working memory, he was able to suc-
cessfully use a working memory strategy to support performance
in the short term during training and the immediate tests. How-
ever, this strategy was not sufﬁcient to support his performance
over longer delays in the initial sessions. N.C.'s performance gra-
dually improved across sessions in the Standard TP conditions. We
hypothesize that N.C.'s improvements in later sessions were the
result of increased successful learning with, and the transfer of, the
unitization strategy, which we describe below. This hypothesis
was later tested with the transfer materials, both when transfer
items were presented in the same session as training with uni-
tization (Session 6) and when these items were presented in a
session where N.C. was not given any training with unitization
(Session 7).
3.2. Intact TP performance through unitization
In contrast to his initially impaired performance on the Stan-
dard TP conditions, N.C. demonstrated rapid and consistent
learning and expression of relations when given the unitization
strategy. The beneﬁt of unitization was more gradual in the Ab-
stract Objects-Unitized condition than the Geometric Shapes-
Unitized condition, but his performance in both of the unitized
conditions was more consistent than in the Standard conditions
over longer delays.
3.2.1 Geometric Shapes-Unitized
N.C.'s performance was consistently high in the Geometric
Shapes-Unitized condition (see Table 4 and Fig. 5). In Session 1, N.
C. had intact performance both in the training phase (ac-
curacy¼0.99) and the immediate test (accuracy¼0.92). In Session
2, N.C.'s performance was intact even following a 1-h delay (ac-
curacy¼0.92). His pre-test performance was also consistently
high, where he showed intact performance in all pre-tests from
Sessions 2–10, with the exception of Session 3, for which the pre-
test occurred following a nine-month delay due to N.C.'s limitedavailability during the academic year.
3.2.2 Abstract Objects-Unitized
In Session 1, although N.C.'s performance was at ceiling during
training (accuracy¼1.00), his performance was impaired on the
immediate test when the central unitized images were removed
(see Table 4 and Fig. 5). In Session 2, N.C.'s performance was im-
paired both on the immediate and 1-h delay tests (accuracy¼0.66
and 0.75, respectively), despite high accuracy during training.
However, in Session 3, N.C. retained the relations across delays: his
performance was intact on the immediate and 1-h delay tests, and
it remained intact in Sessions 4–6. Over longer delays, N.C.'s pre-
test performance was initially impaired (Sessions 2–4), but im-
proved in later sessions (Sessions 5–10). Overall, despite his more
gradual learning curve in the Abstract Objects-Unitized condition,
N.C. learned and retained the relations in both unitized conditions
within the initial six sessions. Importantly, N.C. showed lasting
effects of this training over longer delays in the absence of any
additional training with the unitization strategy (Sessions 7–10).
Overall, in contrast to the short-term beneﬁts of the working
memory strategy, unitization produced lasting beneﬁts after
longer delays. N.C. demonstrated intact TP performance in the
Unitized conditions in earlier sessions than the Standard condi-
tions, and was consistent in the relations he reported – N.C. never
reversed the relations in the Unitized conditions.
3.3. Transfer of unitization to novel relations
By Session 5, N.C. demonstrated intact performance on the
immediate tests for all conditions, intact performance on all 1-h
delay tests with the exception of the Geometric Shapes condition,
as well as intact pre-test performance for the two unitization
conditions. Given N.C.'s intact performance with unitization, a ﬁrst
set of transfer stimuli was included in Session 6, and was pre-
sented immediately prior to training with the unitization strategy.
Given that N.C.'s performance was better in the Abstract Objects
condition than the Geometric Shapes condition in Session 5, the
new stimuli selected for the transfer condition were abstract ob-
jects. N.C.'s performance on this transfer set (Abstract Objects-
Transfer#1) was intact in training (accuracy¼0.89), and, critically,
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tests following a single session of training (see Table 5).
To summarize, in Session 6, N.C. demonstrated intact learning
of novel relations following a single session with standard training.
This training session occurred in the same session as training with
the unitization strategy. To further examine transfer of the uni-
tization strategy to novel stimuli, N.C. was given training on ad-
ditional sets of novel stimuli with previously unknown relations in
Session 7, in the absence of same-session training with the uni-
tization strategy. Overall, relative to the elemental threshold N.C.
showed intact performance for all TP transfer conditions during
training and the immediate test in Session 7 (Geometric Shapes-
Transfer #1, Abstract Objects-Transfer #2, Geometric Shapes-
Transfer #2, and Abstract Objects-Transfer #3 – see Table 4). Fol-
lowing this single training session, N.C. also showed intact per-
formance on the 1-h delay tests in all of the new transfer condi-
tions with the exception of the Geometric Shapes-Transfer#2
condition (see Table 5). In this latter condition, N.C.'s performance
was at ﬂoor levels, again suggesting that he had reversed the re-
lations, but had continued to respond using a set of TP rules.
Moreover, despite having had only one training session for each
of the conditions, N.C.'s performance on the transfer conditions
was generally intact over longer delays. N.C.'s pre-test perfor-
mance in Sessions 8–10 (see Fig. 6) was consistently intact in the
Abstract Objects-Transfer #2, Geometric Shapes-Transfer #2, and
Abstract Objects-Transfer #3 conditions, even in Session 10, where
there was a delay of over a month and half since his training on
these conditions in Session 7. Note that Fig. 6 shows pre-test
performance for the transfer conditions, where in Session 7 a pre-
test was only administered for the Abstract Objects Transfer #1
condition, while in Sessions 8-10 pre-tests were administered for
all conditions. N.C.'s performance in the Geometric Shapes-
Transfer #1 condition was intact following one-week delays in
Sessions 8 and in Session 9, but his performance was not intact
following the longer delay when he was tested in Session 10. N.C.'s
performance on the ﬁrst set of transfer items (Abstract Objects-
Transfer #1) was consistently at ﬂoor levels (see Fig. 5), suggesting
that he had consistently reversed the relations.
N.C. was at ceiling on all tests and all delays in only one transfer
condition-the Abstract Objects-Transfer#3 condition. Anecdotally,
this was also the only condition in which he spontaneously re-
ported using an elaborative processing strategy. In this condition,
N.C. described an interactive “story” using the objects, and, im-
portantly, his story and naming of the abstract objects was con-
sistent across sessions. He described the story as “the spaceship
tries to capture footage of the explosion with a camera. The
camera gets footage of [the] explosion, [but] the explosion blows
up [the] spaceship” (Session 9), where the spaceship refers to
object A, the camera refers to object B, and the explosion refers to
object C.
3.4. Elemental learning
In addition to training and testing on novel TP transfer condi-
tions in Session 7, N.C. was also trained and tested on an elemental
condition (Geometric Shapes-Elemental). This condition was in-
cluded to assess whether N.C. would overgeneralize the unitiza-
tion strategy and the TP rules to all testing conditions. Although
his accuracy was numerically lower than in the TP conditions
during training (accuracy¼0.89), his performance was intact
during training, relative to chance performance of 0.50 (see Ta-
ble 4), and in both the immediate and 1-h delay tests (see Table 5).
N.C. had a tendency to generalize the TP rules to this condition,
stating at one point during the immediate test “I want to say that
the task followed a rock–paper–scissors rule, but it isn’t a rock–
paper–scissors rule”. Therefore, it appears that N.C. did notovergeneralize the application of TP rules and a unitization strat-
egy to the elemental condition immediately following training in
Session 7.
Despite N.C.'s intact performance for the Elemental condition in
Session 7, his performance was consistently low over longer delays
in the pre-tests, scoring around 0.33 in these later tests (see Fig. 6).
This impaired elemental pre-test performance is consistent with a
rigid and incorrect overgeneralization of TP rules to all conditions.
Therefore, although N.C. was aware that the Geometric Shapes-
Elemental condition did not follow the “rock-paper-scissors rules”
in Session 7, by Session 8, he had forgotten that one of the con-
ditions was different and reported using an RPS-like rule for all
conditions.
In sum, N.C.'s intact performance on the novel stimuli in Ses-
sions 6 and 7 suggests that he was able to transfer his learning to
novel stimuli even after a single training phase, even when he was
not given any unitization training in the same session (Session 7).
Furthermore, N.C.'s performance was reliably high only for the
stimuli for which he had a consistent, elaborate story, and for the
stimuli that he named consistently across sessions. However, N.C.'s
generalization of the unitization strategy to novel stimuli does not
seem to reﬂect ﬂexibility – N.C.'s over-generalization of these re-
lations in the elemental task points to rigidity in this learning.4. Discussion
Here we examined whether a developmental amnesic case, N.
C., would beneﬁt from a unitization strategy, similar to one that
had been self-generated by another amnesic case, D.A., in a pre-
vious study (Ryan et al., 2013). In early sessions, N.C. showed a
typical pattern of impaired TP performance in standard conditions
but intact performance in a condition with semantically rich sti-
muli and relations (RPS), replicating our prior work (Moses et al.,
2008; Ryan et al., 2013). Although N.C. appeared able to rely on a
working memory strategy to support his performance on the im-
mediate tests of the standard TP conditions, this strategy was in-
effective at supporting performance over longer delays. In con-
trast, N.C. showed successful performance with the unitization
strategy within the ﬁrst few sessions, and his performance was
supported by unitization over longer delays. Therefore, like D.A.
(Ryan et al., 2013), N.C. showed successful learning and retention
with unitization. The ﬁndings from N.C. on the unitized conditions
highlight that the general strategy of unitization does not need to
be self-generated to be effective, as N.C. did not spontaneously
generate the strategy, but rather was taught the strategy experi-
mentally through the videos and unitized stimuli during training.
However, N.C.'s later intact performance on the transfer conditions
does suggest that self-generation of the unitization strategy may
allow for accurate performance to occur rapidly, with minimal
training and/or sessions. Thus, while self-generation of unitization
is not required to support performance, self-generation may im-
pact the speed at which successful performance can be achieved.
These results also suggests that two other cases, K.C. and R.F.R.,
who were tested with D.A., may not have beneﬁted from uni-
tization due to their more extensive cortical damage (Ryan et al.,
2013). The patterns of spared and impaired TP performance in
cases D.A. and now N.C. suggest that TP can be solved through an
alternative method that is not dependent on intact functioning of
the hippocampus and extended hippocampal system.
In contrast to D.A.'s selective improvement in the unitized
conditions, N.C.'s performance also gradually improved in the
standard conditions. N.C.'s improvements may reﬂect the ex-
tensive training received in the standard TP conditions and/or
generalization of the unitization strategy to the standard condi-
tions across sessions. The former explanation seems unlikely to
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work K.C. and R.F.R. showed no improvements in either the stan-
dard or unitized conditions after 8–10 sessions of training. Fur-
thermore, although D.A. did beneﬁt from a unitization strategy in
the geometric shapes condition, his performance never improved
in the standard abstract objects condition, and he required 11
sessions of training to show improvements in the abstract objects
condition with the unitization strategy. D.A.'s relatively slower
improvements in the Abstract Objects-Unitized condition, and his
lack of improvements in the standard abstract objects condition
are likely related to his volume reductions in perirhinal cortex.
According to the Representational-Hierarchical model, the peri-
rhinal cortex is an extension of the representational hierarchy in
the ventral visual stream, and is where feature conjunctions come
together to support fully speciﬁed representations objects (Bussey
et al., 2002; Cowell et al., 2010a, 2010b). Given D.A.'s extensive
volume loss in the perirhinal cortex, it may not be surprising that
he had difﬁculties learning the relations among objects for which
he did not have existing representations. Therefore, practice may
help build up novel representations of the objects, and unitized
representations of the objects interacting, however this practice
would be speciﬁc to the training objects themselves.
To test whether N.C.'s improvements reﬂect generalization of
the unitization strategy to standard conditions rather than simply
speciﬁc practice effects that arise with repeated exposure to spe-
ciﬁc objects N.C. was tested on a series of transfer conditions. In
these transfer conditions, N.C. was trained and tested on problem
sets containing previously unseen geometric shapes and abstract
objects. Despite being given only one training session for each
condition, N.C. showed successful learning and long-term reten-
tion in three of the ﬁve TP transfer conditions. In one of the re-
maining two conditions (Abstract Objects-Transfer #1), N.C. con-
sistently reported the reversed relations. These reversals were
never corrected through feedback, as training was only given in
Session 6, and although he was incorrect in the relations, he was
consistent in the reversal. N.C. was at ceiling on all tests in only
one transfer condition (Abstract Objects-Transfer #3), which was
the only condition for which he told the same, elaborate story of
the items interacting on all subsequent testing sessions. While we
cannot rule out whether N.C. used additional strategies in the
transfer conditions, the simplest explanation based on his perfor-
mance on the standard and unitized conditions is that he gen-
eralized the unitization strategy to the novel stimuli. Overall, these
results suggest that transfer of the unitization strategy is possible,
providing the ﬁrst evidence of transfer of TP learning in amnesia.
The present study also highlights the strength of unitization in
producing rapid learning and long-term retention of novel rela-
tions in TP. This ﬁnding contributes to the sparse literature of
transfer following memory rehabilitation in amnesia (Kaschel
et al., 2002; Rose et al., 1999). The use of visual imagery, which we
have previously hypothesized to be a component process of uni-
tization (Ryan et al., 2013), has been associated with improved
delayed recall (Cermak, 1975), and more recently has been shown
to generalize beyond initial training sessions to aid individuals
with memory impairments in remembering previously read in-
formation and prospective actions (Kaschel et al., 2002). Although
our unitization strategy is still limited to lab-based tasks, N.C.
showed transfer to novel, untrained stimuli, and this transfer oc-
curred more rapidly than has been observed in prior work (e.g.,
Kaschel et al., 2002 had 30 90-min sessions). Taken together,
unitization appears to be a viable strategy to support relational
learning that can generalize beyond training materials.
N.C.'s pattern of performance on the transfer conditions also
provides insight into the nature of his learning. While N.C. does
show transfer to novel stimuli, the novel stimuli only differ from
one another in surface features. The relational memory theoryposits that the hippocampal-dependent memory system can
support “… a relational form of representation exhibiting the
critical property of ﬂexibility, capable of being accessed and ex-
pressed in novel contexts; whereas procedural memory, operating
independently of the hippocampal system, supports a funda-
mentally inﬂexible form of representation that can be expressed
only in virtual repetitions of the initial learning situation.” (Cohen
and Eichenbaum, 1993, p. 49). Note that N.C.'s transfer occurred in
conditions where, although the stimuli differed, the experimental
context and training procedures were the same as those in prior
training. Moreover, N.C.'s impaired performance on the Geometric
Shapes-Elemental conditions pre-tests given in Sessions 8–10
suggests that he was not able to update his knowledge in a rela-
tional manner to inform when a rule-switch was appropriate. In
other words, N.C. lacked the ability to form or update a relational
representation containing information regarding the critical fea-
tures that would otherwise indicate the appropriate context in
which to use the unitization strategy and when the unitization
strategy would not be appropriate for successful performance to
occur. Overall, these ﬁndings show that while N.C.'s learning can
support performance and transfer, his learning is still fundamen-
tally inﬂexible.
The present ﬁndings can also be related to the conﬁgural as-
sociation theory (Sutherland and Rudy, 1989) and the conjunctive
learning theory (O’Reilly and Rudy, 2001). The conﬁgural associa-
tion theory posits that the hippocampus is essential in the for-
mation of conﬁgural or “blended” representations, representations
that are described in a similar way to what we refer to as unitized
representations. According to the conﬁgural theory, damage to the
hippocampus or extended hippocampal systemwould result in the
loss of the ability to form conﬁgural representations, which ac-
cording to this theory are needed to solve TP. The ﬁnding that D.A.
and N.C. can learn novel arbitrary relations in TP through uni-
tization despite damage to their hippocampal/extended hippo-
campal system is at odds with the conﬁgural theory. However, the
conﬁgural theory was updated to the conjunctive learning theory
(O’Reilly and Rudy, 2001), and the conjunctive theory does posit
that, given enough training, blended representations can be
formed in the cortex in the absence of an intact hippocampus. For
example these authors state that “the cortex will develop con-
junctive representations over a relatively large number of trials…
and can form complex conjunctive representations when given
enough training trials (O’Reilly and Rudy, 2001, p. 321).” Therefore,
the conjunctive theory can also account for the ﬁnding of intact
learning through unitization in cases D.A. and N.C., depending on
what is meant by “large number of trials” or “enough training
trials”. For a more in-depth discussion and comparison of the re-
lational and conjunctive theories see (Moses and Ryan, 2006).
Findings from N.C. are consistent with those from D.A., and
suggest that both individuals were was able to shift reliance away
from using hippocampal-dependent relational binding to learn
novel relations, and toward an alternative processing mechanism
(Ryan et al., 2013). This alternative processing mechanism results
in the formation and use of fused or unitized representations,
which contain information about the novel relations. More speci-
ﬁcally, these unitized representations are formed using visual
imagery and action representations, are incorporated with in-
formation in semantic memory, and are strengthened through
rehearsal and maintenance in working memory. Furthermore, high
performance during training with the unitization strategy makes
use of errorless learning (Glisky et al., 1986), which may support
the strengthening of unitized representations. Information per-
taining to the relations among items may then be derived online,
through retrieval of the unitized representations and the inter-
pretation of the actions contained therein.
Critically, unitization is a viable alternative strategy for
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well as in healthy older adults (D’Angelo et al., 2014), as it likely
circumvents hippocampally supported relational binding, and in-
stead depends on a broad network of neural regions. An ex-
amination of the neural and cognitive proﬁles of the amnesic cases
and older adults that do and do not beneﬁt from unitization, along
with prior work, helps us deﬁne the networks that support uni-
tization. This network is hypothesized to be comprised of regions
such as the anterior temporal lobes through interactions with the
ventrolateral frontal cortex, which supports the incorporation of
information into semantic memory (Noppeney et al., 2007), po-
tentially through elaborative processing of the stimuli and the
potential interactions among the stimulus pairs. The fused or
unitized representations that are constructed based on currently
presented information and incorporated with semantic knowledge
through action representations may be supported by posterior
visual cortices (Staresina and Davachi, 2010) and the precuneus
(Cavanna and Trimble, 2006), and are maintained and manipu-
lated on-line through frontal regions (Badre et al., 2010; Moscov-
itch and Winocur, 2002). Prior work in the associative recognition
literature has also shown that both amnesic cases and older adults
can show improvements in learning novel, arbitrary relations with
strategies that encourage the fusion of items together (Kan et al.,
2011; Quamme et al., 2007). These unitization effects in associative
recognition memory have been related to differential patterns of
activation in areas such as the perirhinal cortex (O’Neil et al., 2013)
and a cluster of other areas more posterior along the ventral visual
pathway (Staresina and Davachi, 2010).
Given the proposed network for unitization, it is likely that
unitization was not an effective strategy for cases K.C. and R.F.R.
due to extensive damage to their anterior temporal lobes, while
unitization was effective for cases D.A. and N.C. as one or both
anterior temporal lobes were intact, respectively. Consistent with
this ﬁnding, we have recently shown that healthy older adults can
also use unitization to alleviate age-related impairments in TP, but
older adults who may be at risk for mild cognitive impairment
(MCI) are unable to beneﬁt from this strategy (D’Angelo et al.,
2014). Early MCI is associated with volume loss in MTL structures,
including anterior temporal regions (Khan et al., 2014; Schmidt-
Wilcke et al., 2009). Therefore, it is possible that older adults at
risk for MCI have early volume loss in anterior temporal regions
and that this volume loss may be one reason why they are also
unable to beneﬁt from the unitization strategy. Although N.C. is
much younger than the other amnesic cases tested to date, the
ﬁnding that he beneﬁts from unitization is unlikely to reﬂect an
age effect, as we have recently shown that healthy older adults
also beneﬁt from unitization (D’Angelo et al., 2014).
Although N.C. does not appear to have damage to his hippo-
campal formation, he has reduced volumes in his right fornix and
right mammillary body, as well as bilateral lesions to the medial
superior thalamus, which appear to cover signiﬁcant portions of
his mediodorsal nuclei bilaterally and a small portion of his
anterior nucleus on the right. Prior work has shown that the
hippocampus is functionally related to the anterior thalamic nu-
clei, which receives direct hippocampal projections via the fornix,
as well as indirect projections via the mammillary bodies (Aggle-
ton and Brown, 1999; Aggleton et al., 2011). Beyond his impair-
ments in the initial sessions of standard TP, N.C. has demonstrated
impairments on standard tests of episodic memory function.
Overall, N.C.'s pattern of damage suggests that his memory im-
pairments are due to the functional relationship between the
hippocampus and the extended hippocampal system. The differ-
ences in the patterns of pathology in individuals who do versus do
not show learning beneﬁts with unitization illuminates the brain–
behavior relationship underlying unitization.
Unitization is a viable strategy to support relational memoryimpairments in amnesia, even when the strategy is not self-gen-
erated. We suggest that unitized representations consist of items
that are fused through an action, are integrated with existing in-
formation in semantic memory; from these unitized representa-
tions, the relations among the distinct items may be derived.
Training with unitization enables transfer and supports the sub-
sequent learning and lasting retention of novel relations. Critically,
the present ﬁndings emphasize the importance of replication
when using the case study method to provide converging evidence
for our understanding of cognitive processes, such as those in-
volved in unitization, and the regions that support such processes
(Rosenbaum et al., 2014).Acknowledgments
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